Pitting corrosion of type 430 stainless steel under a chloride solution layer was investigated to clarify the pitting corrosion behavior. The solution layers containing 2 mol/dm 3 chloride ion with four different thicknesses of 1 000, 500, 250, and 125 μ m were placed on the stainless steel surface and dried by decreasing the relative humidity at various rates at 300 K. The corrosion potential and solution resistance were simultaneously monitored during drying in order to determine the concentration of chloride ion at the commencement of pitting corrosion. The results showed that the lowest chloride concentration for occurrence of pitting corrosion for type 430 is about 4.5 mol/dm 3 , and that pitting corrosion occurs at higher chloride concentration as the drying rate increases.
Introduction
Stainless steels are used extensively in many fields for the excellent corrosion resistance. However, they suffer rusting and deteriorate in appearance when exposed to marine atmospheric environments. The pitting corrosion occurs under a chloride solution layer or droplet formed on stainless steel surface.
1) The rusting caused by pitting corrosion is a major issue when stainless steel is used in marine atmospheres.
There are different types of stainless steels; austenitic, ferritic, duplex, martensitic and so on. Among them, austenitic stainless steels are widely used because of high corrosion resistance. Type 304 is the most popular of austenitic stainless steels. Due to a recent increase in global nickel price, however, use of ferritic stainless steels such as type 430 is expected.
In marine atmosphere, rusting of stainless steels is known to be influenced by not only material factors such as chemical composition and microstructure of steel, but also environmental factors. In particular, three environmental factors are critical to initiate pitting corrosion; airborne salt, relative humidity (RH) and temperature. [2] [3] [4] The airborne salt particles which contain chlorides deposit on the material surface under daily cycles of wet and dry. The moisture present in the atmosphere condenses and forms droplets containing chloride ions when temperature drops and relative humidity rises in the night time. In contrast, in the daytime, an increase in temperature and a fall in relative humidity lead to an increase in chloride concentration in droplet by water evaporation. Accordingly, the contributions of the amounts of deposited airborne salts, temperature and relative humidity to initiate pitting corrosion are very important. In addition, the contribution of wind speed and sunlight should not be ignored. These two factors affect the change in RH, temperature and others environmental factors to become more aggressive. When the wind blows at high speed and the sunlight radiates at maximum, the drying rate will change from low to very high one. ]critical was determined under a thin solution layer (droplet) by 20-h exposure with various concentrations of chloride ion, where the solution thickness was kept constant by controlling the relative humidity. In this study, pitting corrosion behavior of type 430 stainless steel during the controlled drying process of chloride solution layers has been investigated.
Experimental

Experimental Cell
Four plates (6 × 6 × 2 mm) of type 430 stainless steel were used to monitor the corrosion potential Ecorr during drying. The chemical composition is shown in Table 1 . Each plate underwent electrodeposition coating employing an organic resin, which was cured at 423 K for at least 1.2 ks. This coating procedure was done in order to reduce the occurrence of crevice corrosion at the cut edge of the spec-ISIJ International, Vol. 52 (2012), No. 5 imen. A silver plate of 3 × 1 × 2 mm was embedded together and used as a reference electrode. For the solution resistance Rs measurement of thin solution layer, a pair of identical Inconel 625 electrodes (6 mm × 0.5 mm) was also placed 5 mm apart. It was chosen due to its high resistance to pitting or crevice corrosion. All the electrodes were arranged carefully and then embedded in epoxy resin of 35 mm in diameter. The schematic of cell is shown in Fig. 1 . Prior to exposure, the electrode surface was mechanically polished with a wet SiC paper up to grade 1 000 and then ultrasonically cleaned in distilled water. The experiment was carried out in a humidity and temperature-programmable chamber. All measurements were performed at 300 K. The cell was fixed horizontally on the holder with the aid of a water leveler, and then placed in the chamber and finally MgCl2 solution layer was placed on the cell so as to uniformly cover the whole surface.
Drying of Solution Layer
In order to investigate the effect of thickness of the chloride solution layer on pitting corrosion, 1 mol/dm ] . The MgCl2 solution layer dried at seven different rates, 2.8, 4.7, 5.8, 7.0, 14, 23 and 70%RH/h by lowering RH from 95 to 25% in a programmable chamber. MgCl2 becomes saturated in the solution at 32%RH in equilibrium, 5) where the crystal of MgCl2 deposits in the solution layer at the final stage of corrosion test. The actual and programmed RH change is presented in Fig. 3 . It took 25 h for the lowest rate (2.8%RH/h) and 1 h for the highest (70%RH) to change from 95 to 25%.
Monitoring of Chloride Concentration
The change in the chloride concentration during drying was determined from the relative humidity change (Fig. 3) , using the equilibrium relation between chloride concentration and relative humidity shown in Fig. 2 . Only for the combinations of thicker solution layers (d0 = 500 and 1 000 μ m) and higher drying rates (23 and 70%RH/h), the chloride concentration was estimated from the change of the solution resistance Rs because the equilibrium is not established.
1)
The method for determining the chloride concentration from the Rs is described below.
The Rs is increased as the drying progresses since water evaporates and salts concentrates. The solution resistance Rs (Ω) is given by
where k is a cell constant, ρ specific resistance of the MgCl2 dried at the rate of 5.8%RH/h. Though four 430SS samples were examined simultaneously using a probe cell shown in Fig. 1 , one of them suffered crevice corrosion. Only the data of three samples without crevice corrosion are shown here. The corrosion potential Ecorr gradually changed in the positive direction with drying time at the initial stage, and then rapidly dropped to negative values by about 400 mV. The potential oscillations were observed due probably to breakdown of passive film and repassivation before the rapid drop. The rapid negative shift of Ecorr indicates the onset of pitting corrosion. Strictly speaking, the change of measured Ecorr was not equal to the corrosion potential change of the 430SS because the potential of the silver electrode employed as reference electrode also shifted negatively by an increase of chloride concentration. However, the onset of pitting corrosion can be monitored from the Ecorr change since the greater potential change of the 430SS occurs rapidly in the initiation of pitting corrosion.
The chloride concentrations [Cl - ]pit at the onset of pitting corrosion can be determined from the relative humidity at the onset using the relation of Fig. 2 , as the employed drying rate of 5.8%RH/h is low enough to establish the equilibrium.
3)
The [Cl -]pit values for three specimens are shown in Fig. 4 . It can be seen that three specimens, though the same 430SS, have different [Cl - ]pit, 7.0, 7.5 and 8 mol/dm 3 . Another example is shown in Fig. 5 . The initial thickness and concentration of chloride solution layer is the same as Fig. 4 , but the drying rate is 70%RH/h which is the highest among the employed in this study. As mentioned in the experimental part, the drying rate is too high to establish the equilibrium. Accordingly, the chloride concentration was determined by the Rs monitoring data shown in Fig. 5 , using the standard curve of the Rs vs. thickness of the solution layer.
1) The chloride concentration of three samples for the onset of pitting corrosion was determined to be 9.8 mol/dm 3 .
Chloride Concentration at the Onset of Pitting Corrosion
The chloride concentrations at the onset of pitting corrosion under various combinations of drying rates and initial thicknesses of the solution layers were determined in the manner described in the previous section. The results are presented in Fig. 6 , respectively. During drying, the chloride concentration increases from 2 mol/dm 3 (bottom of Fig. 6 ) to the solubility limit of MgCl2 (top of Fig. 6 ) which is 9.8 mol/dm 3 at 298 K. On the contrary, the thickness decreases from the initial values, (a) 1 000, (b) 500, (c) 250, (d) 125 μ m to approximately 200, 100, 50 and 25 μ m, respectively when the solution has just reached at the solubility limit. After the saturation, the remaining solution with deposited MgCl2 crystals vaporizes when RH < 32%RH which is a deliquescence RH of MgCl2, and finally, the 430SS surface will dry up completely.
In Fig. 6 , the chloride concentrations at the onset of pitting corrosion in the process of drying are plotted. It can be seen that pitting corrosion initiates between 4.5 mol/dm 3 and the solubility limit. The value of [Cl - ]pit was widely scattered in spite of the same condition employed. This is attributed to pitting corrosion being stochastic phenomena. The [Npit/Ntotal] values shown above the figure present the probability of occurrence of pitting corrosion, where Npit is the number of specimens which suffered pitting corrosion and Ntotal is total number of tested specimens. The Ntotal was basically 8 for each condition, but a number less than 8 means that the data were omitted for occurrence of crevice corrosion.
We reported in the previous study that the critical chloride concentration [Cl -]critical for occurrence of pitting corrosion is about 4 mol/dm 3 for type 430SS. It was determined under chloride solution layers, where the thickness and chloride concentration were kept constant.
2) This [Cl -]critical of 4 mol/ dm 3 means that pitting corrosion initiates when relative humidity is less than 80%RH (see Fig. 3 ). On the other hand, in this study, the pitting corrosion most often initiated between 6 mol/dm 3 and the saturation (9.8 mol/dm 3 ). This difference would be attributed to an incubation time for onset of pitting corrosion. In the present test, as shown in Fig. 2 , at the highest drying rate (70%RH/h), the RH was changed for about 0.2 h from the initial value (95%) to 80% and about 5.4 h even at the lowest drying rate (2.8%RH/h). These time periods may be insufficient as the incubation time.
Effects of Initial Thickness and Drying Rate on
Chloride Concentration for Pitting to Occur In order to show clear tendency of the effect of initial thickness of solution layer on chloride concentration for pitting to occur, an average value for each initial solutions thickness have been calculated, plotted and it is shown in Fig. 7 .
Taking an example 5. no pit will be formed [2] . Another tendency that is shown in Fig. 7 , as drying rate increases, the average chloride concentration are also increases. It is because the incubation time difference of chloride solutions. Higher drying rate requires longer incubation time for chloride ions to initiate pitting. The drying rate greatly affected the [Cl -]pit value and the probability [Npit/Ntotal] of pitting corrosion as shown in Fig. 6 . Regarding the effect of the drying rate, incubation time for pitting corrosion should be considered. In Fig. 8 , the changes in the chloride concentration of the solution layers with the same initial thickness during drying at the rates of (a) the highest (70%RH/h) and (b) lowest (2.8%RH/h) are schematically drawn. The [Cl - ]critical (= 4 mol/dm 3 ) shown in Fig. 6 is the lowest chloride concentration for occurrence of pitting corrosion of 430SS, which was determined in the previous study 2) by exposing 430SS to constant solution layer in chloride concentration and thickness for long time period (20 h). At the highest drying rate of 70%RH/h, the surface dried up within a couple hours, as shown in Fig. 2 . In such a condition, all pitting corrosion takes place under MgCl2-saturated solutions just before dry-up. On the other hand, at the slowest drying rate of 2.8%RH/h where it takes more than about 25 h for the surface dry up, since there is enough incubation time, pitting corrosion initiates before MgCl2-saturation. Figure 9 shows microphotographs of typical pits formed at drying rate of 70%RH/h. The initial thickness of the solution layer was (a) 1 000 and (b) 500 μ m. The pit in Fig. 7(a) was initiated under chloride-saturated solution ( The diameter and depth of the pit area were ~300 μ m and 8 μ m, respectively.
Pit Morphology
Unlike a deep-type pit formed in bulk chloride solutions, in the case of pitting corrosion under a thin layer of chloride solution, corrosion progresses preferentially in the horizontal direction. This difference in pit morphology is attributed to the difference in the mass transport and the effective cathode area.
3) Under a very thin layer without convection layer (< several hundreds of micrometers), dissolved ions (Fe 2+ , Fe 3+ and Cr 3+ ) from a pit laterally diffuse and/or migrates. Hence, lowering of pH of solution within the pit and the surrounding area due to hydrolysis of the metal ions promotes the lateral growth of pit. 4) 
Conclusions
The following conclusion can be drawn from the results of this study.
(1) The lowest chloride concentration for occurrence of pitting corrosion for type 430 is about 4.5 mol/dm 3 which is correspond to ~78%RH. It means the pitting corrosion took place between 4.5 mol/dm 3 to solubility limit; 9.8 mol/dm 3 (~78 to 32%RH).
(2) The pitting corrosion occurs at higher chloride concentration as the drying rate increases due to incubation time of chloride ions on stainless steel surface. Pitting occurred between 6 and 8 mol/dm 3 and at solubility limit of chloride ion concentration, for the slowest and highest drying rate, respectively. 
